The production of microalgae requires carbonation and deoxygenation which is commonly supplied through a sump. This needs to be designed to minimise the energy loss to ensure a high net energy gain from the biofuel. Computational fluid dynamics was used to evaluate different sump designs and flow velocities in terms of energy loss and flow distribution to find the optimum configuration. It was established that increasing the radius of curvature of the corners to 0.1 m and the implantation of one flow deflector resulted in a reduction in hydraulic power of 73% compared to the basic setup. It was apparent that the central baffle resulted in considerable energy loss and when this was removed than a power saving of 95% was possible. There was, however, a much reduced flow around the sump leading to shortened contact time between the gas and fluid which could in turn decrease the carbonation of the fluid. It was also apparent that the use of standard formulas for the calculation of head loss was not applicable.
Introduction
Microalgae have recently been seen as a possible source of biomass for biofuel production [1] . Raceway systems have been described as the most feasible reactor type for large-scale cultivation for this purpose [2, 3] . The typical raceway configuration dates back to Oswald and Golueke [4] , and consists of an extended channel with a central dividing wall and a paddlewheel to drive the cultivation medium around the system. The raceway depth is normally 0.2-0.3 m [5] [6] [7] , but can be up to 0.5 m [8] . Depths greater than this lead to the algae spending extended periods of time in darkness; reducing biomass productivity [6] . Currently, the surface area of individual raceways is most commonly 3000 m 2 , but can reach 5000 m 2 [9, 10] . The large surface area to depth ratio ensures maximum light penetration into the culture.
Forward velocities in the range of 0.15-0.3 m s -1 are most common due to the need to maintain the algae in suspension while keeping pumping costs low [11] . The minimum fluid velocity to keep the algae in suspension is generally quoted as 0.1 m s -1 ; if the velocity drops below this critical value sedimentation of algae may occur [12, 13] . Areas of sedimentation will also lead to a shorter residence time because of the reduced effective volume. These areas of deposition are called dead zones and are normally characterised as areas of recirculating flow.
Shear stress in fluids occurs in turbulent flows as the water particles are not travelling with a uniform velocity but have a relative velocity to one another. This stress can enhance algal growth until an optimal value is reached whereupon there is a decrease in the biomass concentration due to damage caused to the algae. The optimal value of shear stress depends entirely upon the microalgae selected [14, 15] . Thomas and Gibson, 1990 , proposed a scale of inhibition due to this stress where: green algae < blue-green algae < diatoms < dinoflagellates [16] .
Algae can assimilate CO 2 from the atmosphere but biomass yields can be increased if the medium is supplemented with addition CO 2 [17] [18] [19] . In a study where CO 2 was injected into a carbonation sump, it was found that 66% of carbon supplied was taken up by biomass [20] . Enriching the CO 2 in the air used for sparging the culture has been shown to increase biomass yields [21, 22] . These investigations indicate that the algae are in fact carbon limited if no carbon source is added to the system [23, 24] . This can be explained by the fact that for every 1 kg of algae biomass grown in the reactor 1.65-2.2 kg of carbon dioxide will be needed [25, 26] . As the carbon availability decreases the alkalinity in the culture rises [11] . At values above pH 10 this will be adverse for algal growth [5, 27, 28] . As a result of photosynthesis, oxygen builds up in the system and when concentrations reach 200-300% of saturation algal growth will be inhibited [5, 29, 30] .
One simple solution to these problems is to bubble CO 2 gas into the culture medium thus increasing the gas transfer of CO 2 into the system and O 2 out of it [20, 31, 32] . Weissman et al. [33] , reported that a 80-90% gas transfer was achieved using a 0.91 m deep sump, and that increasing the depth further had little impact on the CO 2 transfer. It did, however, account for a large proportion, 17-25%, of the total energy requirement for circulating the cultivation medium around the raceway. The sump depth dramatically affects the energy required in the system. Reducing the depth of a 3 m sump by 50% can lead to a decrease of over 50% in the energy used [2] .
Computational Fluid Dynamics (CFD) has been used to investigate a number of different elements of raceway design: the raceway bends [9] and complete raceways without a sump [6, 34, 35] . Although these CFD investigations have primarily used the same methods they have obtained vastly different results, varying by an order of magnitude. This can be attributed to the lack of validation of these models due to the paucity of empirical data from large-scale plants.
More recently the modelling of raceways has become more sophisticated with the use of free surface models [36, 37] . Some studies have even modelled the motion of the paddlewheel within the mesh [38] . These models have been validated against small scale experiment data and give a much more reliable insight into the hydrodynamic characteristics of the raceway. They have not, however, investigated different geometrical parameters of the raceway. Other CFD studies have investigated the hydrodynamic behaviour of open channel 90° bends with and without flow deflectors, although not directly in the context of raceway design [39] [40] [41] [42] . There has, however, been little experimental or computational modelling of the fluid flow in sumps.
This paper evaluates a range of sump designs with the aim of identifying means of reducing the head loss, percentage area of dead zones and calculating the shear stress in carbonation sumps. This has been done with the use of CFD, but unlike some other CFD investigations a multiphase volume of fluid model has been used in order to simulate accurately the effects of open channel flow.
Methodology

Flow simulations
All of the sump designs were modelled using Ansys CFX code which utilises finite element analysis to simulate the flow. Simulations were carried out using two-dimensional (2-D) flow conditions, as the edge effects in a full-scale system are assumed to be negligible and the increase in computational memory needed to run three dimensional simulations made this unfeasible. Using a 2-D model also means the results can easily be transferred to carbonation sumps of other sizes. All of the simulations were set up as steady state analyses due to the focus on the hydrodynamic performance of the sumps.
A homogeneous volume of fluid (VOF) model was employed so that the interface between water and air could be properly modelled, with no artificial surface constraints applied to the simulation. This allowed the depth of the water to rise to a realistic level due to the backwater effect from the sump. The standard free surface model was applied to ensure that excessive diffusion between the two different fluids did not occur.
The turbulence was modelled using Reynolds averaged Navier-Stokes (RANS) equations. The standard k-epsilon turbulence model was implemented in the simulation. The turbulent kinetic energy ( ) and dissipation rate ( ) is given by:
where represents the turbulence generation due to viscous forces and and denotes the generation of turbulence kinetic energy from buoyancy forces. The model makes the assumption that the turbulence viscosity ( ) is related to the kinetic energy and dissipation rate:
In the model and are the Prandtl numbers for kinetic energy and dissipation rate. 1 , 2 and are turbulence model constants. In this simulation the standard values for these constants where applied: = 1.0, = 1.3, 1 = 1.44, 2 = 1.92 and =0.09 [43] .
The k-epsilon turbulence model is the most widely validated turbulence model when the simulation is free from large pressure gradients. This turbulence model has been extensively analysed and compared to experimental data for flows around bends in open channels [39, 41] and has also been applied in other raceway simulations investigating bend geometries [9, 34] .
Convergence criteria were set at a mass, momentum and turbulent kinetic energy residual of both fluids of at least 1 x 10 -4 with a mass and momentum imbalance conservation target of 1 x 10 -3 . When the residual target was met oscillations occurred due to instabilities in the model caused by the multiphase flow and surface entrainment of air into the water. At larger radii of curvature the model became progressively more unstable due to the greater changes in the flow cross-sectional area. This had a greater effect on the results for the higher velocities as there was greater instability between the two phases.
The mesh for all the different geometries was hexahedral with a minimum length of 0.01 m. Mesh adaptation was set to refine the mesh along the free surface. This was to ensure accurate modelling at the area of instability and thus increase the convergence of the solution.
Boundary conditions
The boundary conditions for the bottom of the reactor and the baffle were considered to be a nonslip smooth wall to simulate the fibreglass used in the reactor construction. As the simulation was a two-dimensional model the sides were set as a symmetry boundary, meaning that the fluid on either side of the boundary behaves in the same. As a result of this boundary setting there was no lateral flow across the reactor. This was considered acceptable as lateral flows are not considered to be imperative in the system. The upper surface of the model was set up as an open boundary allowing free movement of air in and out of the system so that no artificial pressures were applied to the free surface.
The initial location of the free surface was established by setting the fraction of volume of the different fluids flowing into and out of the system, which was executed using the CFX Expression Language (CEL) functions. The inflow boundary was set up as a velocity inlet 5 m upstream of the centre line of the sump. The outlet was set up as a static pressure outlet with a relative pressure correlating to a depth of 0.15 m, located 15 m downstream of the sump centre line (Figure 1 ). This therefore acted as a downstream weir condition influencing the open surface water height for the whole system. This ensured that conditions at the outlet of the model did not interfere with the calculated head loss across the sump.
For the first set of investigations into the curvature of the corners different velocities were tested. For the other investigations a velocity of 0.27 m s -1 was used. If the inlet turbulence intensity (I) is assumed to be fully developed its value can be calculated [44] :
where Re is the Reynolds number. The intensity was calculated to be 3.5-4% for the range of inlet velocities tested; this was similar to the value found in other CFD investigations into raceways [36] . As the use of this formula is an approximation and the intensity at the inlet is unknown and dependent upon the upstream history of the flow an intensity of 5% was chosen as the recommended value [43] .
Hydraulic power requirement calculation
Determination of the power required to pump the water across the sump requires calculation of the head loss. The total head loss is the sum of the minor and major head loss. The major head loss, arising from friction with the channel, is negligible due to the short length of channel being considered. The minor head loss (h L ) across the obstacle can be calculated:
where K is the minor head loss coefficient, v is the velocity (m s -1 ) and g the acceleration due to gravity (m s -2 ). Due to the non-standard bend configuration, however, the minor head loss coefficient is not known. Thus to calculate the head loss Bernoulli's Equation can be rearranged:
where is the kinetic energy correction coefficient and z is the depth (m). In turbulent flows the kinetic energy correction coefficient is generally considered to be close to one. When it was used in calculation of the head loss it was found to result in a less than 1% difference and was therefore neglected.
The velocity and depth values used for the calculation of energy losses were taken at two points 4 m upstream (location 1) and downstream (location 2) of the sump centreline ( Figure 1 ). This was to ensure that the inlet and outlet boundary condition had little effect on the flow on the fluid to represent a continuous raceway.
The hydraulic power required is related to the volume of fluid in the sump: the larger it is, the more power is needed [2] . It is therefore necessary to calculate the power per unit of volume to allow comparisons to be made between sumps: this approach has been adopted for other computational and experimental studies into raceways [7, 35] . The results of this work cannot be directly compared to those studies, however, as in this investigation only the volume 4 m upstream and downstream of the sump is considered and therefore the power requirement per unit volume is much higher than in the whole raceway. The head loss from Equation 6 can be used to calculate the hydraulic power requirement per unit cross-sectional area per unit width of the sump as follows:
where P is the hydraulic power required per unit of cross-sectional area per unit width (W m 
Dead zone calculation
Dead zones can be defined as volumes of water with a flow velocity of less than 0.1 m s -1 which thus become stagnant due to limited mixing with the main flow. It is important to minimise these areas in the sump as they reduce the effective volume in which gas exchange can occur. The percentage area can be calculated as:
where <0.1 is the volume of water with a velocity less than 0.1 m s -1 and is the total volume of the water in the sump.
Shear stress calculation
Shear stresses in moving fluids arise as a result of the non-uniform flow and that the fluid particles have a relative velocity to one another. Shear stresses in fluids arise mainly within the boundary layer due to the resistance to the flow from the sides of the reactor. As at the point of contact between the fluid and the solid wall the velocity is zero and at some height above the wall the fluid velocity is similar to that of the main flow.
The shear stress ( ) arising in the fluid can be calculated using Newton's law of viscosity:
where is the dynamic viscosity (N s m -2 ) and is the velocity gradient or the rate of shear strain (s -1 ).
Sump designs
The basic configuration used in modelling was based on designs reported in the literature [7, 33] . The simulated sump is 0.6 m long x 1 m deep and was assumed to be constructed from fibreglass. The different sump designs tested can be split into four distinct groups. Increasing the radius of curvature of bends has been shown to decrease the head loss in open channels [45] . The first set of simulations thus investigated the effect of increasing the radius of curvature of the corners in the sump, using 0.01, 0.1, 0.15 and 0.3 m radii (Figure 2a ).
Central island configurations have been shown to reduce head loss and dead zones in the horizontal end bends in raceways [9, 34, 35] . The second group of design modifications therefore attempted to apply a similar concept in a vertical plane within the sump by examining how increasing the sump barrier thickness affected the flow. These simulations were done using the geometry of the basic, Flow deflectors have been shown to minimise the head loss and the proportion of dead zones in the 180° horizontal bends in raceway reactors [7, 9, 34] ; however this idea of vaned flow reducing the power requirement has been disputed in other CFD investigations [35] . Deflectors have been shown to reduce secondary flows and separation zones in 90° bends, resulting in a lower head loss [40] .
The final set of investigations was into the baffle length and how reducing this would affect the circulation flow in the sump and the power requirement (Figure 2d ). Removing the baffle has been shown to reduce the power requirement substantially in some situations [7] , but the effect of a small gap between the top of the baffle and the water surface on both the power requirement and the circulation around the sump has not previously been investigated.
Model validation
To validate the numerical model the velocity and depth values at location 1 and 2 ( Figure 1) were collected from the raceway rector located at the Estacion Experimental Las Palmerillas of Fundacion CAJAMAR in Almeria, Spain. The sump used in this raceway is 0.65m long x 1 m deep and located partway down one of the 50 m long straight sections [7] . These experimental values are used to calculate the hydraulic power requirement to pump the water across the sump. A sump with the same geometry to this was simulated using the boundary and initial conditions as described previously. The numerical and experimental results were compared (Figure 3a) . The numerical results showed good agreement with the experimental results across the entire range of discharges.
For further validation, experimental data from the work on the design and operation of an outdoor microalgal test facility for the US Department of Energy's Aquatic Species Program has been compared to simulated results. During this work researchers measured the head loss on a 0.91 m deep x 0.62 m wide sump with 6.5 cm radius in all corners [33] . Again a sump with the same geometry has been simulated in the model. The variations in the power requirement with discharge showed good a good relationship between numerical and experimental results (Figure 3b ). The simulated results are greater than the experimental results by 5-10% at the higher discharges. The discrepancies between the two data sets were larger at the lower discharges tested; this may be linked to reported problems in collecting the experimental data at the slower fluid velocities [12, 33] .
4
Results and discussion
Depth
For all geometries tested it was found that as the inlet velocity was increased the depth of water rose ( Figure 4 ). This is due to the backwater effect caused by an obstacle, the sump, obstructing the flow. The greater the fluid velocity the more water will 'back up', as there is a greater discharge trying to pass through the obstacle in a given time.
Rounding of the corners of the sump did cause significant changes in the depth of the fluid, especially at a radius of 0.1 m. This is as a result of the fluid being able to flow more freely through the structure causing a minimal backwater curve. At the greater radii of curvature the water depth is greater as the flow through the sump becomes less efficient and the backwater effect is more noticeable.
Hydraulic power
The power requirement depends on the flow area and velocity. Due to the change in upstream depth and therefore in flow area, the discharge must be used when comparing the power consumption for the various simulated geometries ( Figure 5 ).
For the basic and rounded geometries tested there was a cubic increase in power as discharge increased. This is validated by the concept that the hydraulic power requirement is linked to the velocity head and has also been the case in other CFD investigations into power requirement for raceways [35] . The rise in power occurs due to the fact that there are greater frictional and turbulence losses in the system at higher velocities. Flow separation accounts for a large proportion of the energy loss in flows around bends [39, 40] , and this occurred more frequently and to a greater extent at the higher inlet velocities tested. Increases in the flow separation at the higher velocities have been confirmed by other experimental studies into open channel flow [46] .
The power requirement was also affected by the radius of curvature of the sump corners. When the corners were rounded to a radius of curvature of 0.01 m there was an average power saving of 10% in the range tested based on the applied trend lines ( Figure 5 ). Increasing this radius further to 0.1 m reduced the power consumption by 40% compared to the basic configuration. Similar effects have been shown in investigations into 90° bends in open channels [29] . Rounding the corners means that the change in the flow direction is less abrupt, resulting in the reduction or elimination of the flow separation zones located after the corners ( Figure 6 ). Flow separation did not occur at all on the entry and exit corners for the 0.1 m curvature sump even at the greatest velocity tested (Figure 6d ). This elimination of the separation zone is the main reason for the large reduction in power requirement.
The two most rounded sump configurations, with 0.15 m and 0.3 m curvatures, were less efficient than less rounded ones. This is due to the greater flow expansion angle at the entrance corners of these configurations leading to higher turbulent losses due to the greater rate of change in cross sectional area. This increase in energy loss with increased expansion angle is supported by empirical data [47] .
Increasing the sump barrier width initially reduced the power requirement by up to 30% for the basic and 0.3m radius sump geometries ( Figure 7 ). This can be attributed to the fact that there was a reduction in flow separation after the baffle, and more uniform flow through the sump. The more uniform flow results in less intense localised velocity spikes ( Figure 8 ) and thus reduces the resulting energy loss. Increasing the internal radii of the central baffle has also been shown to reduce the power requirements for 180° horizontal bend simulations [9, 34, 35] and also for 90° horizontal bends [45] .
After the critical width of the barrier, i.e. the point of lowest energy loss, was passed there was a steady rise in the power required. This can be attributed to a flow constriction being applied as the width of the channel was reduced (Figure 8d ). As a result of the flow constriction there was an increase in the velocity within the sump to ensure continuity was maintained, which resulted in more energy dispersion.
Flow deflectors in horizontal channels have been shown to reduce the power requirement both theoretically and experimentally [7, 40] . This was also the case in this investigation; when one flow deflector was implanted in the basic and 0.1 m radius sumo geometries a reduction of over 50% was observed ( Figure 9 ). This is caused by an increase in the uniformity of the fluid velocity across the flow area (Figure 10a, b) . The more uniform flow resulted in a reduced maximum velocity in the sump and therefore less turbulence. The implementation of deflectors resulted in a reduction in the separation zones behind the baffle and after the entry corner. This reduction of separation zones will again result in less dissipation of energy through turbulence, as has been shown for 90° open channel bends with deflectors [40] .
The implementation of multiple deflectors had varying effects depending upon the geometry of the sump and also the number. The general increase in power requirement can be attributed to the fact that there were greater frictional losses in the system due to the increased wall. With a single deflector, this increase in frictional loss was balanced by the increase in flow efficiency; however there was no further net improvement when extra deflectors were implemented. This result has also been seen with the use of deflectors in the 180° bends at the end of raceways [9] .
The power requirement decreased substantially as the length of the barrier was reduced (Figure 11 ). This is due to the fact that less flow was being forced around the sump by the baffle and that the main area of flow was able to pass through relatively unhindered. Small areas of flow separation occurred on the downstream side of the top of the baffle which resulted in higher energy losses. These were negated, however, by the energy savings from fluid not being forced around the length of the sump.
When the baffle length was reduced so that there was no obstruction to the main flow a minimum power requirement of 1.5 W m -2 m -1 was reached. There was, however, very little flow through the sump (Figure 12 ). While in practice the introduction of gas at the base of the sump will ensure some mixing between the gas and liquid however this reduced flow means the contact time may be reduced, potentially resulting in insufficient gas transfer.
These theoretical results are similar to those seen in the experimental work done by Mendoza et al. [7] , who reported that the inclusion of the baffle resulted in a dramatic rise in the power requirement; but they provide an additional insight into the mechanisms and thus potentially to possible options for amelioration or exploitation.
Dead zones
The area occupied by dead zones reduced as the velocity increased, as more energy was present in the system. Complete removal of the dead zones through increased velocity alone is not feasible as the power requirement will be too great. Changing the shape of the sump does not greatly influence the percentage of these zones as the flow expansion in the sump leads to velocities of less than 0.1 m s -1 in some areas ( Figure 6 ). Unexpectedly, the radius of curvature giving the highest reduction in the dead zone area was 0.01 m. This can be attributed to the fact that the flow separation forces the flow into the inner parts of the sump, but as a result of the slight rounding the length of the separation zone is reduced.
Increasing the width of the sump barrier drastically reduced the area of dead zones, by 53-67% at the maximum barrier widths simulated. This major reduction is a result of these dead zone areas effectively being filled in by the barrier. Similar behaviour has been shown in studies investigating the horizontal 180° bends at the end of raceways [9] . The advantages of this configuration are limited, however, as the total area is also reduced and so the total volume where effective gas exchange can occur does not increase.
The use of flow deflectors reduced the area of dead zones by up to 25% and 39% for basic and the 0.1 m radius configurations. This is because the flow through the sump was more uniform as the water is directed through the vaned passages, and as a result the flow separation length was reduced. This effect was far less than that seen in a study on horizontal raceway channel sections which found that the incorporation of deflectors led to a 14-fold reduction of the dead zone area [9] , which could be an effect of the difference in scale between the two models.
For the fully rounded sump, vaned flow has a strong negative impact on the area occupied by dead zones as the flow is forced towards the outer sections of the bend, thus decreasing the velocity in the inner areas (Figure 10c) . This led to a 38-50% rise in the dead zone area when any number of deflectors were introduced.
The dead zone area increased substantially as a gap was introduced at the top of the barrier ( Figure  12 ). This is mainly due to the lack of circulating flow around the barrier and into the sump. When the top of the barrier was at the same depth as the bottom of the channel there was a small amount of circulation flow due to flow separation caused by the barrier. When the top of the barrier was reduced further to below the main channel of flow there was no flow into the sump resulting in a completely stagnant area.
Shear strain
The calculated shear stress for each sump geometry increased linearly with rising fluid velocity ( Figure 13a ). This resulted from the dynamic viscosity and boundary layer thickness remaining constant and the only changing variable was the velocity.
The localised velocity increases affect the shear stress applied to the moving fluid dramatically. In these areas there was a much larger relative velocity between the moving and stationary fluid particles resulting in greater shear stresses. As the radius of curvature is enlarged to 0.01 m there was more uniform flow throughout the sump channels ( Figure 6 ), which lead to a 30% reduction in the shear stress in the fluid. Enlarging the radius of curvature from 0.01 m to 0.1 m has less of an affect and there was no significant change in the shear stress when the radius of curvature passes 0.1 m. This is due to there being less change in the uniformity of the fluid velocity profile.
Small increases in the sump barrier width reduced the shear stress across all of the different configurations tested (Figure 13b ). For all geometries the minimum shear stress occurred at around a barrier width of 0.05 m to 0.1 m. This can be again attributed to a more uniform flow and less intense velocities occurring after the sump barrier ( Figure 8 ). This has also been experienced by other investigations into the complete raceways [35, 48] . Similarly to the hydraulic power results after these widths were passed the shear stress than began to rise. This is caused by the constriction of the fluid in the sump channels leading to rising velocity.
The introduction of flow deflectors in the sump had similar effects across all the different geometries tested (Figure 13c ). The use of one deflector reduces the shear stress by 27% for the basic configuration. Once more this is credited to the reduction in the variation in the velocity profile. Using more than one deflector, however, starts to increase the shear stress as there is a larger surface area of boundary wall in contact with the fluid. Similar results have been found for the complete raceways when three deflectors were introduced there was a 20% rise in the shear stress [35] . The fully rounded geometry has a greater rise in the shear stress than that of the 0.1m radius and basic geometries as more deflectors are introduced. This is a result of the much higher flow velocities experienced by the fluid at the bottom of the sump (Figure 10c ).
Head loss
The head loss data for the basic geometry can be used to calculate a minor loss coefficient for this sump using Equation 5. According to this equation there should be a linear correlation between the velocity head and the head loss; the correlation was not linear, however, but quadratic. It can therefore be concluded that there must be an additional factor involved in the minor head loss coefficient in this situation. Other researchers have also questioned the suitability of this basic formula when comparing open channel flows for 90° bends [45, 49] .
As the vertical sections within the sump have a fixed cross-sectional area, any increase in the upstream flow in the channel is matched by a rise in the velocity in the sump to ensure continuity is maintained. So as the depth rises in the channel, increasing the discharge, there is a rise in the velocity in the sump leading to more energy dissipation.
If the dimensionless head loss is used instead of head loss then there is a linear correlation between velocity head and the dimensionless head loss (Figure 14) . This means the equation for the calculation of head loss (Equation 5 ). The reduction in the coefficient as the radius of curvature increases is a result of lower head loss, as a consequence of reduced energy dissipation in turbulence created by the sharp corners.
Using the values from Figure 14 and the new minor head loss equation, Equation 10, the head loss can be calculated for any velocity for the geometries modelled, and for any geometry not modelled the coefficient value could be interpolated and the head loss then calculated.
Impact of research
The impact of the power savings which can be made from changing the design of the carbonation sump is considerable. According to literature data, the sump can account for up to 19% of the total energy required for the cultivation process in a 1000 m 2 raceway [2, 33] . It may be possible to reduce this by as much as 50% by altering the geometry of the sump, leading to savings in terms of electrical energy needed for the process and a higher net gain in energy from the biofuel produced.
Apart from direct savings in the energy required for cultivation, the size of the raceways can be increased by almost a fifth. This is a result of the smaller head loss occurring in the raceway, and potentially allows reductions in capital costs associated with the raceway construction and with other economies of scale.
The best case scenarios were found when flow deflectors were used in the bottom of the sump. This also led to smaller dead zones in the riser channels, which would provide a greater volume for contact of the fluid with the carbonated gas, thereby promoting greater gas exchange. This could possibly allow a reduction in the size of the sump, thus reducing the energy loss, while maintaining the same gas transfer potential.
Conclusions
An understanding of the hydrodynamic performance of raceways is very important both to maximise the potential growth of algae and to minimise the energy costs associated with this. Computational Fluid Dynamics has been used to analyse multiple sump geometries and flow conditions with the emphasis on reducing energy costs and areas of stagnant water.
As the inlet velocity was increased the depth of water upstream also increased. This was attributed to the backwater effect which was greater at higher discharges. As a result of the increased depth the standard formula for calculation of the minor head loss was not applicable and the depth of the water upstream must be used in the calculation.
If the sump barrier length is reduced so that the top of the barrier is at the same height as the bottom of the channel power requirements associated with flow through the sump can be reduced by 94%, equal to those when the sump barrier was removed completely. This gave the greatest saving in energy consumption; however the loss of circulation of the fluid around the sump would result in less effective carbonation and de-oxygenation. The greatest savings with a baffle in place could be achieved with the 0.1 m radius sump configuration and the use of one deflector. This set-up reduced the power requirements by 73% compared to the basic configuration.
Future perspective
The future of the production of algae as a source of biofuels requires there to be a very large net gain of energy. Carbonation sumps may not be the most optimal way of achieving this and developing innovative ways of carbonating and deoxygenating the culture medium will most likely occur in the coming years. o The minor head loss calculation must include the depth as this affects the fluid velocity in the sump.
Impact and Conclusion
 Increasing the radius to 0.1 m and the implantation of one vane was the best case and could reduce the power requirement by 77% compared to the basic configuration.  There are direct energy savings of new design and the size of the raceway could also be increase by a fifth, leading to savings from economies of scale. 
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